The cytokine hormones prolactin and erythropoietin mediate tissue-specific developmental outcomes by activating their cognate receptors, prolactin receptor (PrlR) and erythropoietin receptor (EpoR), respectively. The EpoR is essential for red blood cell formation, whereas a principal function of PrlR is in the development of the mammary gland during pregnancy and lactation [Ormandy, C., et al. (1997) Genes Dev. 11, 167-178]. The instructive model of differentiation proposes that such distinct, cytokinedependent developmental outcomes are a result of cytokine receptor-unique signals that bring about induction of lineagespecific genes. This view was challenged by our finding that an exogenously expressed PrlR could rescue EpoR ؊/؊ erythroid progenitors and mediate their differentiation into red blood cells. Together with similar findings in other hematopoietic lineages, this suggested that cytokine receptors do not play an instructive role in hematopoietic differentiation. Here, we show that these findings are not limited to the hematopoietic system but are of more general relevance to cytokine-dependent differentiation. We demonstrate that the developmental defect of PrlR ؊/؊ mammary epithelium is rescued by an exogenously expressed chimeric receptor (prl-EpoR) containing the PrlR extracellular domain joined to the EpoR transmembrane and intracellular domains. Like the wild-type PrlR, the prl-EpoR rescued alveologenesis and milk secretion in PrlR ؊/؊ mammary epithelium. These results suggest that, in cell types as unrelated as erythrocytes and mammary epithelial cells, cytokine receptors employ similar, generic signals that permit the expression of predetermined, tissue-specific differentiation programs.
T
issue differentiation frequently requires cytokine action. The precise role of tissue-restricted cytokine receptor signaling in tissue development, however, is not clear. It has been suggested that cytokine receptors generate instructive signals that are essential for hematopoietic differentiation (1, 2) . However, this view was brought into question by several recent reports. Thus, we have expressed the prolactin receptor (PrlR), which normally plays no role in hematopoiesis, in erythropoietin receptor (EpoR Ϫ/Ϫ ) erythroid progenitors, and found that it rescued these cells from death and supported their differentiation into red blood cells in vitro (3) . Therefore, there is no requirement for EpoR-unique instructive signals in red cell formation. Similarly, heterologously expressed receptors rescued differentiation of c-mpl-deficient platelets and granulocyte colony-stimulating factor receptor-mutant neutrophils (4, 5) . Therefore, in hematopoietic differentiation, the role of cytokine receptors is permissive and not instructive. Here, we examine the relevance of these findings outside the hematopoietic system by assessing the role of PrlR signaling during mammary gland development in pregnancy and lactation.
Development of the mouse mammary gland occurs under control of the female reproductive hormones, estrogen, progesterone, and prolactin (Prl), largely after birth (6) . A system of ducts grows outward from the nipple into the s.c. mammary fat pad. With the onset of puberty, these ducts elongate and bifurcate until they reach the edges of the fat pad (7) . The ductal system continues to increase in complexity during subsequent estrous cycles and early in pregnancy through the addition of side branches. Late in pregnancy, saccular outpouchings, known as alveoli, form throughout the ductal tree (8) and differentiate into milk-secreting units.
Prl acts through the PrlR to induce its multiple effects. PrlR Ϫ/Ϫ female mice are infertile because of numerous reproductive defects (9) affecting ovarian function and the uterus; these in turn affect mammary morphogenesis in multiple ways. For this reason, a transplantation model was used to define the specific role of the PrlR in mammary gland development (10, 11) . As has been shown repeatedly, this transplantation technique makes it possible to engraft wild-type mammary epithelial cells (MECs) into a mammary fat pad that had been cleared of endogenous epithelium; the engrafted cells can then organize and form an entire new mammary epithelial tree (12) . This transplantation technique made it possible for us to introduce PrlR Ϫ/Ϫ MECs into a wild-type host and to determine the localized effects on the mammary epithelium of receptor deletion without the confounding effects of the systemic hormonal alterations seen in PrlR Ϫ/Ϫ animals.
When PrlR Ϫ/Ϫ MECs were engrafted into cleared mammary fat pads of wild-type hosts, they underwent normal ductal development during puberty. However, during pregnancy, the PrlR Ϫ/Ϫ MECs failed to form alveoli and to differentiate into milk-secreting cells (10) . These observations indicated that although the PrlR expressed in MECs is not required for the earlier steps of mammary morphogenesis, it mediates an essential, cell-autonomous function in MEC differentiation and alveologenesis during pregnancy and lactation.
Here, we have investigated whether the signaling domain of the distantly related EpoR could, when coupled with the ligandbinding domain of the PrlR, rescue the defective alveologenesis and differentiation of PrlR Ϫ/Ϫ MECs.
Materials and Methods
Mice. PrlR ϩ/Ϫ mice were maintained on C57Bl6 ϫ 129SV background. Genotyping for PrlR was carried out by PCR on tail DNA as described (9) .
Three-week-old F 1 females of 129SV ϫ C57Bl6 crosses were used as recipients. Their inguinal mammary glands were surgically cleared of the endogenous epithelium as described (12) . The mice were mated 6 weeks after transplantation, and the engrafted glands were analyzed, together with control unmanipulated glands from the same mouse, by wholemount micros-copy. For histological analysis they were subsequently embedded in paraffin and 8-m sections were cut and stained with hematoxylin and eosin or, alternatively, processed for immunohistochemistry as described (13) .
Mammary Gland Wholemounts. The glands were dissected, spread onto a glass slide, fixed in a 1:3 mixture of glacial acetic acid͞100% ethanol, hydrated, stained overnight in 0.2% carmine (Sigma) and 0.5% AlK(SO 4 ) 2 , dehydrated in graded solutions of ethanol, and cleared in 1:2 benzyl alcohol͞benzyl benzoate (Sigma). Pictures were taken on a Leica MZ12 stereoscope with Kodak Ektachrome 160T.
Retroviral Supernatant. The chimeric receptor prl-EpoR (CHI) was described (14) . Prl-EpoR and PrlR were each modified by the addition of three consecutive N-terminal FLAG epitopes inserted just after the signal sequence. The addition of these FLAG epitopes did not affect receptor function (data not shown). Retroviral supernatants encoding either prl-EpoR or PrlR were generated as described (14) . Briefly, VE23 cells were transiently transfected by using the calcium phosphate method, with MSCV retroviral constructs (15) each encoding the desired receptor. Culture supernatants were collected at 48 and 72 h after transfection and immediately frozen. Retroviral titers were determined by infecting primary fetal liver cells with known dilutions of each retroviral supernatant; 48 h posttransfection, expression of PrlR or prl-EpoR on the cell surface was determined by FACS analysis by using antibodies directed against the FLAG epitope. PrlR and prl-EpoR supernatants of similar titers were chosen for MEC infection.
Cell Culture. Primary mammary epithelial cells were prepared from 10-week-old virgin female mice as described (16) . Primary cells were plated on collagen-coated dishes and maintained in DMEM͞F12 with insulin (10 g͞ml) and EGF (5 ng͞ml).
The viral supernatants were placed on the mammary cells at day 3 of culture in the presence of 40 g͞ml polybrene and 5 ng͞ml choleratoxin (17) . One or 2 days later, cells were trypsinized and resuspended in PBS, and Ϸ0.5 ϫ 10 6 cells in a 100-l volume were injected into each cleared fat pad.
Results

Morphogenetic Effects of prl-EpoR Signaling on PrlR ؊/؊ Mammary
Epithelium. We generated a chimeric receptor (14) , termed prl-EpoR, that encodes the extracellular domain of the rabbit PrlR joined in frame to the transmembrane and intracellular domains of the mouse EpoR (Fig. 1) . The rabbit PrlR ectodomain was used in this instance because previous work has shown that mammalian prolactins and their receptors have broad interspecies crossreactivity. The prl-EpoR and the wild-type rabbit PrlR were each subcloned into the retroviral vector MSCV2.2 (15) and packaged in VE23 cells (14) to generate high-titer retroviral supernatants. A control retrovirus encoding LacZ was also constructed in the same viral backbone. Retroviral supernatants were used to infect primary MECs derived from either PrlR Ϫ/Ϫ or wild-type 10-week-old female mice of 129SV͞C57Bl6 mixed genetic background. The resulting MEC cultures containing a mixture of infected and noninfected cells were used to reconstitute the mammary fat pads of 3-week-old prepubertal wild-type female mice whose inguinal mammary glands had been surgically cleared of endogenous epithelium. The infection efficiency was 2-5% as assessed by X-gal staining of cells infected with the LacZ control retrovirus.
The F 1 offspring of 129SV ϫ C57Bl6 matings were used as hosts in these experiments to circumvent immunorejection, as the engrafted wild-type or PrlR Ϫ/Ϫ MECs were derived from female mice of mixed 129SV and C57Bl6 genetic backgrounds. Six weeks after surgery, the recipient female mice were mated.
The engrafted mammary glands were analyzed by wholemount microscopy at the end of the resulting pregnancy, along with an unmanipulated gland from the recipient female ( Fig. 2 A-D) . Fig. 2 A shows an unmanipulated, endogenous mammary gland in a recipient mouse, with the extensive alveolar development that is typical of late-stage pregnancy. As anticipated, the alveoli were fully distended, indicating that the cells lining them are differentiated and actively secreting milk products. Fig. 2B shows mammary fat pads engrafted with PrlR Ϫ/Ϫ MECs in the same animal. These cells developed into a highly branched ductal tree but completely lacked alveoli, as shown previously (10) . Nineteen mammary glands were successfully reconstituted with PrlR Ϫ/Ϫ cells that had been infected with the PrlR-encoding retrovirus vector; 6 of these show alveolar development in parts of the gland (Fig. 2C) . Hence, as anticipated, expression of the wild-type PrlR can rescue the morphogenetic deficit of PrlR Ϫ/Ϫ mammary epithelium. Hereafter, we refer to these PrlR Ϫ/Ϫ MECs in which normal morphogenesis has been restored as ''rescued cells'' and the immediately surrounding tissue as ''rescued epithelium.'' Thirty-one mammary glands were successfully reconstituted with PrlR Ϫ/Ϫ cells that had been exposed to the prl-EpoRencoding retrovirus vector. Of these, 6 glands showed alveolar development in parts of the gland (Fig. 2D) , similar to that seen in glands infected with the wild-type PrlR. Infection with the control, LacZ-encoding retrovirus did not affect mammary gland morphogenesis (data not shown); thus, no restoration of alveologenesis was observed (data not shown). We concluded that prl-EpoR was indeed able to rescue the proliferative and morphogenetic defect of PrlR Ϫ/Ϫ cells. Moreover, it was able to do so with an efficiency comparable with that of the wild-type PrlR.
Differentiative Effects of prl-EpoR Signaling on PrlR ؊/؊ Mammary
Epithelium. The alveoli formed in the prl-EpoR-infected epithelium were as distended as those in wild-type glands, strongly suggesting that the cells had differentiated and were actively 35) , are denoted by bold lines. These regions are necessary for Jak 2 activation in both receptors. The sequences surrounding tyrosine residues in the cytoplasmic domains are not conserved between these receptors. secreting milk. To investigate this further, we prepared histological sections from the rescued breasts (Fig. 2 E-H) . The alveoli in the prl-EpoR-infected epithelium (Fig. 2H) were enlarged, indicating the presence of secretion products in the lumen. Indeed, many of the MECs lining the alveoli showed fat droplets in their cytoplasm, this being a further morphological hallmark of milk-secreting cells. As is evident from C and D in Fig. 2 , the rescue by viral infection occurred only in discrete segments of the reconstituted glands, ostensibly because of the low infection rate of the primary MECs. Fig. 3A shows a histological section of a chimeric gland resulting from infection with the prl-EpoR. Rescued areas showing alveoli (arrowheads) can be found next to nonrescued segments containing only ductal structures (long arrows). Immunostaining with an antibody against the milk protein ␤-casein revealed that the nonrescued epithelium is completely devoid of ␤-casein, whereas milk production occurs in the rescued cells as indicated by the brown staining. Adjacent section (Fig. 3C) processed without the primary antibody revealed no staining.
Thus, signaling by EpoR rescues both the morphogenic and differentiative functions of the PrlR.
Discussion PrlR
Ϫ/Ϫ
MECs transplanted into precleared mammary fat pads of wild-type hosts show differentiative and morphogenetic deficits in late pregnancy (10, 11) . Here, we found that these deficits could be rescued by infecting PrlR Ϫ/Ϫ MECs before transplantation with retrovirus encoding the wild-type PrlR. Therefore, the PrlR mediates an essential, cell-autonomous function in MEC differentiation and alveologenesis in late pregnancy. The differentiative and morphogenetic deficits of PrlR Ϫ/Ϫ MECs could also be rescued by infecting these cells before transplantation with retrovirus encoding the chimeric receptor prl-EpoR. Although prl-EpoR contains the signaling domain of EpoR, a receptor that is not normally expressed by MECs, the extent of rescue mediated by prl-EpoR expression in PrlR Ϫ/Ϫ MECs was comparable with that seen when expressing the wild-type PrlR in these cells. The ability of prl-EpoR to successfully substitute for PrlR function during MEC differentiation shows that no PrlR-unique, instructive signals are required for this process. The essential function of PrlR in mammary gland development is therefore permissive, facilitating the differentiation of MECs along a predetermined program.
Previously, we and others have found that lineage-restricted cytokine receptors controlling the development of hematopoietic lineages do so by exerting permissive, rather than instructive, signals (3-5, 18, 19) . Our findings here extend this principle beyond the hematopoietic system, suggesting it may apply widely in cytokine-dependent differentiation. Thus, although many cytokine receptors are expressed in a lineage-restricted pattern and have essential functions in the differentiation of cells of that lineage, our ability to substitute these receptors with heterologous receptors suggests that they are not the source of specificity in lineage differentiation. Instead, the specific outcome of cytokine receptor signaling in differentiation is determined by the cellular environment in which they act, rather than any unique, receptor-specific features of their intracellular signaling activities.
Many homodimeric cytokine receptors, including PrlR, EpoR, G-CSFR, and c-mpl (3-5, 18, 19) , as well as the heterooligomeric granulocyte-macrophage colony-stimulating factor receptor (20) have been shown to substitute for each other's functions in tissue differentiation. This suggests that they may all signal through similar, generic signaling pathways. Indeed, all of these receptors are known to activate similar intracellular signal molecules. EpoR and PrlR are both associated with the same cytoplasmic tyrosine kinase JAK2, which chaperones the receptors to the plasma membrane (21) and becomes activated following hormone binding. Downstream of JAK2, a similar set of signaling molecules becomes activated by both PrlR and EpoR, including STAT5, PI3 kinase, PLC␥, PKC, Shc, Grb2, and Ras (22) (23) (24) . The exact functions of these generic signaling pathways in tissue differentiation are not yet fully understood and probably differ between tissues. A principal function of EpoR signaling is to exert an antiapoptotic effect in early erythroblasts, in part via STAT5-dependent induction of the antiapoptotic protein bcl-x L (25, 26) ; bcl-x L is an essential survival factor in these cells. In contrast, bcl-x L is not required for normal mammary gland development or function, and neither the PrlR nor STAT5 affects the level of bcl-x L in mammary epithelial cells (27) . Conversely, a principal function of PrlR is to bring about MEC differentiation, including the STAT5-dependent induction of milk proteins; the latter are clearly not induced in erythroid cells. How a generic signal such as STAT5 is modulated in a cell type-specific manner to bring about the induction of cell type-specific genes is at present not understood.
The cytokine receptor superfamily, and hence cytokinedependent differentiation, emerged relatively recently in evolution, with the earliest known example described in Drosophila (28) . However, conclusions similar to ours have been drawn regarding the role of the more ancient receptor tyrosine kinases in eye development in Drosophila (29) . Thus, both the widely expressed Drosophila EGF receptor and the tissue-specific receptor Sevenless are present in the same photoreceptor progenitor cells and signal through the same Ras͞mitogen-activated protein kinase signaling cassette. Although Sevenless is essential for differentiation of photoreceptor progenitor cells into the R7 photoreceptor, the Sevenless phenotype can be rescued by expression of a constitutively active Drosophila EGF receptor (29) . Thus, the specific effect of Sevenless signaling in R7 development is not due to instructive signals it generates. Instead, it results from a quantitative increase in signaling through a generic signaling cassette also activated by Drosophila EGF receptor in the same cells.
Lineage-restricted receptors such as EpoR, PrlR, or indeed the Sevenless receptor are expressed by phenotypically undifferentiated progenitor cells just before terminal differentiation. Here, we show that the specificity conveyed by primary extracellular messengers such as Epo or Prl is interpreted intracellularly according to the unique intracellular environment of these different types of progenitors. This unique cellular context is presumably a result of prior commitment to a particular cell fate. Indeed, expression of lineage-restricted cytokine receptors such as EpoR or PrlR may be a result of such commitment. The present work, together with previous studies (3-5, 18, 19) , shows that signaling by cytokine receptors in committed progenitors does not alter cell fate. However, it is not clear at present whether cytokine receptors such as c-mpl, expressed by earlier, as yet uncommitted progenitors, influence the frequency of commitment to one cell lineage over another (30) (31) (32) .
Cell fate decisions in early progenitors may be regulated by locally produced extracellular factors such as bone morphogenetic proteins, hedgehogs, Wnts, notch ligands, and fibroblast growth factors (33) . However, because in most instances such factors are involved in the differentiation of progenitors of many different lineages, their apparently instructive effects are likely to be mediated by generic signals, with the specificity of outcome also dependent on cell context. At present, it is not clear whether the functional similarity between homodimeric cytokine receptors might extend to heterooligomeric cytokine receptor subfamilies or, indeed, to other growth-factor receptor families such as the receptor tyrosine kinases. In at least one instance, the receptor tyrosine kinase c-fms failed to efficiently substitute for EpoR function (34) . Thus, it may be that functional similarities are shared principally within receptors of the same family. Interestingly, the degree of homology in the cytoplasmic domains of homodimeric cytokine receptors is rather modest. Thus, there is Ͻ25% cytoplasmic domain amino acid sequence similarity between EpoR and PrlR (data not shown). It is therefore possible that despite their apparent functional similarity, EpoR and PrlR are each uniquely adapted to as yet unknown functions. For example, whereas the two receptors activate the same set of signal transduction proteins, they may activate specific pathways to different extents or for different periods of time. A careful quantitative comparison of PrlR and EpoR signaling was not possible by using the present experimental system, which relies on retroviral expression of the receptors. The development of mouse ''knock-in'' models should assist in the quantitative analysis of PrlR and EpoR function.
